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ABSTRACT 
 
 
 In March 2011, the Fukushima Daiichi Nuclear Disaster changed the course of 
nuclear power production worldwide. Though most people have focused on the negatives 
of the events, there have been major advantageous outcomes. An industry, which general 
consensus would say is extremely safe, has become even safer based on the events that took 
place. Plenty of new research ideas have sprouted out of the findings and events that took 
place during those critical few months. One such area that is currently being studied is the 
reduction of hydrogen gas production due to the exothermic reaction of high temperature 
steam and the Zircaloy fuel cladding within the reactor during a Loss-of -Coolant Accident 
(LOCA). The hydrogen, which collected in the reactor vessel and containment buildings, 
caused devastating hydrogen gas explosions which lead to the release of radioactive 
isotopes into the atmosphere.        
 Cladding material for nuclear fuel pellets must contain three major characteristics: 
1) high thermal conductivity as to not reduce overall efficiency 2) relatively long period of 
time from the initiation of LOCA scenario and the manifestation of uncontrolled oxidation 
of zirconium and 3) strong resilience against nuclear bombardment (alpha, beta, gamma, 
fission products, etc.).  The research project was centered on selecting a potential additive 
not previously looked into for solving the problem of high temperature oxidation of 
zirconium. After analyzing a variety of potential elements, Titanium was selected and 
tested in a variety of different ways to see the metal’s resilience under high temperature 
steam conditions. Along with Zirconium-Titanium (Zr-Ti) Alloy, several Zircaloy-2 
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specimens were coated with titanium layers of various thickness in the hopes of 
determining a positive correlation between thickness size and reduction of hydrogen 
production.           
 After obtaining a 95%Zi-5%Ti Alloy and depositing titanium layers of different 
thicknesses onto Zircaloy-2 using magnetron sputtering, the specimens were oxidized 
using a STA 449 F1 Jupiter. These tests specimens were subjected to 700°C steam for a 10 
hour timeframe. In a surprising twist, the Zr-Ti Foil performed surprisingly poor compared 
to both the coated and un-coated Zircaloy-2 samples. It is hypothesized that the reason for 
this was due to an uncontrollable expansion from a phase change during oxidation. For the 
Ti-coated Zircaloy-2 sample, the titanium began to have an effect on the overall oxidation 
with a thickness beginning at 64 nanometers. The results of these experiments validate the 
initial hypothesis that titanium, along with additional research and isotopic refinement, 
has the potential to be a viable coating for both current and future reactor fuel cladding 
designs.     
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CHAPTER 1 
INTRODUCTION 
 
1.1 Current Worldwide State of Nuclear Power 
 
In the September 13th ,1999 Edition of the Wall Street Journal, Mark Yost wrote an 
article discussing the future outlook of the nuclear power industry. After presenting many 
diagrams and descriptions of current energy price fluctuations, Mark ended the article 
ended with a simple yet powerful message: 
“Not long ago, nuclear energy looked headed for extinction. Those days are 
over. With production costs dropping and regulations for fossil-fuel-burning 
plants rising, there’s a renaissance taking place in nuclear power that would 
have been unthinkable five years ago.” (Yost 1999) 
 From that point on, the term “nuclear renaissance” took a life of its own; changing 
the very nature and foundation of a once potentially dominate energy source that, for some 
time, was viewed as dormant or without a pulse. Nuclear reactor applications started to be 
formally finalized and new sites broke ground throughout the world at a pace not seen in 
well over thirty years. Driven by rising fossil fuel prices and new concerns about meeting 
greenhouse gas emissions, the future prospects for nuclear power looked very promising. 
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Moving from speculations and hypotheticals to reality and actuality, the major 
historical consensus would clearly show that the nuclear renaissance never came to 
fruition. Granted, there was a short-lived period of increased applications and proposals, 
but there has actually been a decrease in worldwide production of nuclear energy. A report 
published by the International Atomic Energy Agency showed that the total electricity 
produced by nuclear power reactors in 2009 was about 2346 terawatt-hours – a seven 
percent decrease year-over-year from 2008 (IAEA 2009). The effects of the Fukushima 
Daiichi Accidents has had a huge impact not only slowing down the number of companies 
interested in building nuclear plants, but at the same time has created a lot of negative 
publicity for the industry as a whole. There are many countries (for example: Germany, 
Switzerland, Belgium, France, Malaysia, and Taiwan) that have plans to either reduce its 
dependence or completely abandon nuclear power production. 
 The Fukushima Daiichi Accident is not the only mechanism that is have an effect 
on the current state of nuclear power. The current market does not allow for nuclear power 
to be a viable option for utility companies. Peter Lyons, the Department of Energy’s (DOE) 
assistant secretary for nuclear energy. Lyons, a former Nuclear Regulatory Commission 
member, while presenting at the 10th Annual Nuclear Energy Conference in Washington, 
D.C in February 2014, stated that:  
“When well-run, clean [nuclear] energy sources are forced out of the 
marketplace due to a combination of reduced demand, low natural gas prices 
and market structure…Our markets are providing the wrong signals.” 
(Krancer 2014).  
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 It is primarily because of this exact reason that power plants, with some estimates 
being as high as thirty, are at risk of closing due to “artificial market conditions” (CSIS 2013). 
These are healthy nuclear plants that are producing power at a very high efficiency, but 
their individual profitability has struggled because of outside factors such as subsidized 
wind and solar generation and low natural gas prices. 
Though there are a factors not working towards promoting the increase use of 
nuclear power does not necessarily mean that it should be abandoned completely. In fact, 
the opposite should be happening as nuclear power has a lot of prominence in the fight 
against global warming. Currently, nuclear power is the most economical, base-load, 
greenhouse-free electricity source of all the renewable energies (NEA 2012). Though there 
are still many safety concerns that must be addressed, nuclear power must be seen as part 
of the United States, as well as the World’s, low-carbon energy portfolio for the future.  
 
1.2 Classification of Nuclear Reactors 
 
In order to full understand the scope and importance of this thesis, a brief 
examination of the formal definition of nuclear power and the classifications of nuclear 
reactors will go a long way in painting a broader picture of the extent that research in this 
area can have on the future direction the industry. Nuclear power, within the context of 
this thesis, will be defined as any use of exothermal nuclear process to generate heat and 
electricity (Shultis 2007). Nuclear reactors, denoted as the umbrella term for any device 
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carrying out the exothermal nuclear process are used in a variety of different fields. From 
producing radioisotopes and desalinating water to powering submarines and millions of 
households, nuclear reactors are used in a wide-variety of fields throughout the world.  
There are many different ways to categorize nuclear reactor. Knowing the type of 
nuclear reaction is often the most fundamental method of understanding how the 
exothermal reaction is achieved. The nucleus of a particle can either splits (nuclear fission) 
or two or more particles collide (nuclear fusion) within a nuclear reactor (Ferguson 2011). 
Fission reactors can then be divided roughly into two classes depending on if the energy of 
the neutron, that is responsible for sustain the chain reaction is low (thermal reactors) or 
high (fast reactors) . As of 2014, all commercial power reactors are based on nuclear fission 
with fast reactors being less common than thermal reactors in most applications (Knief 
2008).            
 In the United States, there are primarily two types of reactors responsible for about 
20% of the nation’s electricity (WNA 2013). Out of the currently 100 licensed to operate 
nuclear power plants in the United States, 65 are Pressurized Water Reactors (PWR) and 
the remainder are Boiling Water Reactors (NRC 2013). Figure 1.1 shows the typical 
configuration of these two light water reactor types which different in operation by the 
following: 
 
1. Steam Generation Process: A PWR consists of two closed loops. The primary 
loop passes through the core, absorbs the released heat, and travels to the heat 
exchange. There, the heat exchange tubes are surrounded by water consisting of the 
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secondary loop (FENOC 2011). The water is heated by the heat exchange, causing 
the production of wet steam that eventually powers the turbines. Unlike the PWR, 
a BWR on the only consist of one loop cycle. This means that the two-phase steam-
water produced is introduced directly into the core and travels to the turbine 
generators.  
 
Figure 1.1 Comparison of Structural Differences between Pressurized Water Reactor (left) and 
Boiling Water Reactor (right) (NRC 2013) 
 
2. Generated Steam Process: For turbines, there is a direct proportionality 
between the dryness of the steam and the overall efficiency of the system. In a PWR, 
the wet stream is sent through risers and steam separators to only allow the dry, 
saturated steam to enter the turbines. Due to the BWR’s two-phase steam-water, 
steam dryers and separators are incorporated to remove the excess moisture. This 
steam, unlike that of the PWR, is radioactive and must be monitored (IAEA 2009).        
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3. Pressure in the System: Each loop of a PWR is maintained at a different 
pressure. In the primary loop, the pressure is maintained at about 2250 pounds per 
square inch in order to prevent steam from forming. The pressure is then lowered 
for the secondary loop to about 600 pounds per square inch (IAEA 2009). In 
contrast, the single loop of the BWR operates at a constant pressure of 
approximately one-half that of the PWR’s primary loop. 
 
For both cases, the fuel rods for each reactor type are comparable and will be the 
focus for the remainder of this thesis. For Generation IV Reactors (theoretical designs 
currently being researched), the fuel geometry and material characteristics very greatly 
(FENOC 2011). Some concepts consist of spherical fuel and other consisting of thorium as 
an alternative to uranium. Because of this, the motivation for this thesis will be to improve 
pellet performance of reactor fuel that is commercially available and at this time used 
throughout industry.  
 
1.3 Overview of Nuclear Fuel Rods  
 
Now being familiar with the current state of nuclear power, the types of reactors 
used to produce power in the United States and their properties, the focus of the final 
section of the INTRODUCTION is now centered on the area that this research is of primary 
concern: nuclear fuel rods. Without nuclear fuel rods, nuclear power would not cease to 
exist. It is within the contents of these rods that fission of uranium atoms release energy in 
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the form of heat to create system that powers turbines and creates electricity for 
households to use.  Figure 1.2 gives a very concise depiction of the fuel fabrication process. 
  
Figure 1.2 Standardized Three-Step Fuel Fabrication Process Used in the United States (WNA 2013) 
 
Uranium typically arrives at a fuel processing plant in the form of uranium 
hexafluoride as it is very easy to work with a relatively low triple point of 64.05 ° C (Kushner 
1973).Uranium hexafluoride is then converted to uranium oxide to be formed into pellets. 
This is typically done by using ‘dry’ or ‘wet’ chemical processes to remove the fluorine 
compounds. The uranium oxide is then homogenized to ensure uniform particle size 
density / surface area and then transferred to machining dies where it is formed into 
cylindrical pellets. Most reactor pellets are just under one centimeter in diameter, a little 
more than a centimeter long, and yields the same amount of energy as one metric ton of 
burning coal (Merrifeld 2005). 
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 After each and every uranium oxide pellet goes through a very rigorous quality 
assurance, the pellets are loaded into tubes made of zirconium alloy, commonly referred to 
as ‘the cladding’. Once completely stacked, the tube is flushed with helium, sealed with 
precision welding, and packed into bundles. PWR fuel has roughly 179-264 fuel rods per 
fuel bundle and between 121-193 fuel bundles are loaded into a reactor core. BWR fuel, on 
the other hand, has between 91-96 fuel rods per bundle and the total number of assemblies 
range between 368-800 assemblies for the largest BWRs in the United States (ORNL 2011).  
 
1.4 Zircaloy and Nuclear Cladding Material 
 
One of the most substantial constituents of the nuclear fuel rods is the all-important 
cladding tube. The nuclear fuel cannot be allowed to make direct contact with the coolant 
inside the reactor vessel. Radioactive isotopes would have the potential to not only 
contaminate many different systems throughout the primary loop, but also to be released 
into the environment.  
The fuel cladding acts as the first layer of protection around the nuclear fuel from 
corrosion and spreading fuel material throughout the reactor coolant circuit. Not only does 
it serve to trap long-lived fission products, the sealed cladding tubes also contains 
dangerous gases produced during reactor operations, such as krypton and xenon (Barrett 
et al. 2012). Cladding does provide a great deal of protection in reducing the amount of 
radioactive that is released into the primary coolant cycle during operation. Conversely, if 
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improperly designed, the cladding could significant reduce the amount of heat being 
transfer from the pellets to the coolants. 
As such, there are several important material properties common for all alloys 
current used as cladding:   
1. Low Thermal Neutron Absorption Cross Section: Since thermal neutron 
interaction between uranium atoms is the primary engine of inducing further fission 
and sustaining the nuclear chain reaction, the cladding must transparent to 
neutrons. Zirconium, current cladding material, has a neutron absorption cross 
section of 0.18 barns when compared to nickel (4.5 barns) and iron (2.4 barns) 
(KAERI 2013).  
 
2. High Thermal Conductivity: Since the efficient transfer of heat is necessary to 
obtain the highest overall efficiency possible, the cladding material must be able to 
transfer a large amount of heat effectively from the edge of the uranium pellet to the 
primary loop. Zirconium has a thermal conductivity of approximately 22.6 W/m*K 
(Tritt 2004). 
 
3. Corrosion Protection: With the cladding exposed to a large volume of highly 
volatile water over a long period of time, an important characteristic that the 
material is highly resistant to corrosion. Materials, such as zirconium, are capable 
of creating an inert oxide layer, through the mechanism known as passivation, 
which protects against corrosion.   
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4. Radiation Resilience: As nuclear fission occurs, fission products, alpha particles, 
beta, and gamma rays are released from the uranium pellets and travel into the 
cladding (NRC 2011). These particles not only knock out atoms from lattice 
structures, but also activates nearby atoms due to the release of free energy.  
Therefore, the more resilient the material is to radiation, the less likely the accrued 
damage will cause a mechanical failure in the long term.      
 
 At normal operating reactor temperature (300° C), Zircaloy is an exceptional 
cladding and has been the standard for fuel rods since the early 1950’s (Todreas et al. 2011). 
However, when the fuel is exposed to temperatures outside of the realm of normal 
operating standards (i.e.: during modes of failure), several negative consequences occur 
that have been brought to light since the events at the Fukushima Daiichi Plant. The 
increase of hydrogen production attributable to the oxidation of zirconium by high 
temperature steam is one of the areas that is currently being researched in order to make 
the fuel systems inherently safer in the event of a station failure. The mechanisms of this 
phenomenon will be discussed in full in the LITERATURE REVIEW portion of the thesis.    
The objectives of this research project include the investigation of possible additives 
candidates that can be incorporated into the Zircaloy cladding, the examination of the 
effects of test material on thermal transfer, hydrogen production, and radiation 
bombardment, evaluation of results and possible issues related to implementation, and the 
development of design recommendations. Using both the experimental and analytical 
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studies, it is the intention of this thesis for the reported results to be a stepping stone for 
future research in this particular area. 
 
1.5 Organization of This Thesis 
This thesis describes some of the development, testing and analysis of potential 
additives into zirconium cladding. It is organized as follows: 
 
 Chapter 1 provides background including current worldwide state of nuclear 
power, classification of nuclear reactors, overview of nuclear fuel rods, 
characteristics of nuclear fuel cladding, and brief introduction to the production 
of hydrogen due to the oxidation of zirconium during accident scenarios.  
 
 Chapter 2 presents a review of previous research into loss-of coolant accidents 
and other modes of failure, history of zirconium (along with the element’s 
physical, chemical, and nuclear properties), zirconium alloys, corrosion of 
zirconium, and current research being done to reduce high temperature 
oxidation of zirconium. 
 
 Chapter 3 zeroes in on the selection process and criteria that led to the selection 
of the additive to reduce oxidation of zirconium interacting with high 
temperature steam.  
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 Chapter 4 centers on a detailed explanation of alloying process, experimentation 
apparatuses, and procedure used in experimentation.  
 
 Chapter 5 presents the experimental results that are key to determining the 
importance of titanium’s potential application in nuclear fuel cladding design.  
 
 Chapter 6 is a discussion of the test results which synthesizes the test data to 
compare and contrast the results from different configurations. 
 
 Chapter 7 provides a set of suggestions for future research work that is necessary 
to help build upon the findings from the previous chapters. 
 
 Chapter 8 finishes with the important conclusions from this research. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Loss-of-Coolant Accident and Other Modes of Failure 
 
During the 1940’s and 1950’s, the main motivator for material study within nuclear 
reactor environments was primarily focused on which elements and alloys would perform 
resiliently during normal operations. As this was a relatively new technological 
achievement, it was important for future development and implementation that there 
would be no material degradation occurring within the working temperatures and 
pressures. The materials that are in use in nuclear reactors throughout the world have been 
rigorously tested and their behavior during normal operations are readily understood. 
Though the achievements in the field of nuclear materials may appear to be viewed 
as great achievement for the industry, this can only be viewed as the baseline minimum. 
The true sign of high performance materials is for both the alloys to perform resiliently 
during normal operations but also, during any time of accident scenario, that the materials 
does not accelerate degradation or produce byproducts that will cause additional, volatile 
circumstances that need to be taken into account. 
Currently, there have been many different modes of failure that have been identified 
throughout industry. Failure causes are identified as defects in design, process, quality, or 
part application, which are the underlying cause of a failure or which initiate a process 
14 
 
which leads to an eventual breakdown (Stephens 2000). Within the nuclear industry, the 
following modes of failure have been identified as possible concerns:  
 
1. Fuel Element Failure:  A fuel element failure occurs when a rupture in a nuclear 
reactor's fuel cladding occurs, allowing the nuclear fuel or fission products, either in 
the form of dissolved radioisotopes or hot particles, to enter the reactor coolant or 
storage water (Yamane 2012). This water will then be pumped and disseminated 
throughout the primary circulating loop, causing heighted radiation levels that are 
deemed “dangerous” by regulating bodies. 
 
2. Criticality Accident: This mode of failure, also referred to as a critical excursion 
or an uncontrollable power excursion accident, represents the unintentional 
assembly of a critical mass of a given fissile material in an unprotected environment 
(LANL 2000). More simply, the fissile material has an uncontrollable chain reaction. 
These types of accidents, though difficult to initiate, can be broken down into two 
scenarios: 1) Process Accidents, where controls in place to prevent criticality are 
breached, and 2) Reactor Accidents, where deliberately achieved criticality in a 
nuclear reactor becomes uncontrollable (Yamane 2012). 
 
3. Loss-of-Coolant Accident:  A Loss-of-Coolant Accident, as defined by the 
Nuclear Regulatory Commission, is a postulate accident that “result in a loss of 
reactor coolant at a rate in excess of the capability of the reactor makeup system 
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from breaks in the reactor coolant pressure boundary, up to and including a break 
equivalent in size to the double-ended rupture of the largest pipe of the reactor 
coolant system” (NRC 2013). This mode of failure is the most common culprit to 
cause oxidation of zirconium by high temperature steam that this research project 
is investigating and will be discussed in great detail for the remainder of this section.  
 
4. Loss-of-Pressure-Control Accident: Within a Pressurized Water Reactor 
(PWR), the pressure must be controlled to ensure that the core itself does not reach 
its boiling point as the water will turn into steam and rapidly decrease the heat being 
transferred from the fuel to the moderator (LANL 2000). As the water boils, the 
amount of water in the core decreases which could lead to a complete nuclear 
meltdown of the reactor core, fuel elements, and control rods.   
 
5. Core Based Fires: For nuclear reactors not using water as a coolant (Graphite, 
Gas-Cooled, Liquid-Sodium, etc.), there is a potential chance of a fire, endangering 
the core and potentially causing the fuel assemblies to melt. Because of the Wigner 
Energy, defined as the energy buildup in a material due to the displacement of atoms 
caused by neutron radiation, graphite has the potential to overheat and cause a fire 
(Minshall 2008). If air entered a liquid-sodium or gas-cooled reactor, it could 
theoretically interact with the moderating medium and lead to a fire.  
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6. Byzantine Faults / Cascading Instrumentation Failure: Finally, there are 
many different instrumentations within a nuclear reactor; each of which is 
responsible for monitoring and controlling a wide variety of different variables 
during the process. These instruments and control mechanisms have the potential 
to malfunction or give faulty readings. Several famous nuclear accidents (Browns 
Ferry Fire and Three Mile Island) have been caused by a failure in a single part or 
system that triggered the failure of successive parts (Brill 2000).   
 
 Of all of these scenarios, the most studied mode of failure within the nuclear 
industry is a Loss-of-Coolant-Accident (LOCA). As there is a huge amount of heat being 
produced within the reactor core, it is imperative that that continuous cooling be provided 
in order for the core not to overheat. This excess heat can cause a cascading series of events 
that lead to not only hydrogen explosions but also core meltdown and large amounts of 
released radiation to the public.        
 As defined previously, Loss-of-Coolant-Accident (LOCA) is often viewed as the 
design basis accident of most reactor concepts. If the core of the reactor is not constantly 
cooled, the decay heat from fission products will continue to release heat and raise the 
overall temperature. Table 2.1 highlights the important temperature barriers and 
consequences that the heat would have on the core components. Throughout normal 
operations, the temperature of the cladding will not change significantly. 
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Table 2.1 Phenomena of material behavior during reactor core heat-up, adapted from Ragheb 
(2013) 
 
 The temperature plays a very strong role in the overall integrity of the fuel rods. 
Between 1,450 and 1500 degrees Celsius, the steam begins to interact with the Zircaloy 
cladding. The oxidation process, which will be explained in the next section, begins to 
produce hydrogen that is of concern within this research study. The initial studies have 
given a great insight as to the temperature range scientist are currently investigating when 
trying to tackle the problem of high temperature steam-Zircaloy interaction and hydrogen 
production.  
 
2.2 Zirconium Metal 
 
One of the most important elements in the production of electricity through 
nuclear power is zirconium. The element was first discovered in 1789 by the German 
chemist Martin Heinrich Klaproth while analyzing the composition of the mineral jargon 
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(ZrSiO4) within a jacinth stone from Sri Lanka (Sepke et al. 1986). Early chemists were 
uninterested in studying the jacinth stone very careful as most believed that it was another 
form of aluminum oxide (alumna). Once Klaproth undertook the study of the jacinth, he 
quickly came to the realization that it contained a new element. Klaproth heated the jargon 
with the sodium hydroxide, a highly reactive compound, creating an unknown oxide that 
turned out to be zirconium oxide. The origin of the name comes from the Arabic word 
zargun meaning “gold color” (Hoppe et al. 1987). 
For the next thirty five years, many chemists, including Martin Heinrich Klaproth, 
struggled to isolate or produce this new element in order to better understand zirconium’s 
material characteristics. The Swedish chemist Jöns Jacob Berzelius, one of the founding 
fathers of modern chemistry, succeeded in 1824 by heating a mixture of potassium and 
potassium zirconium fluoride (Binnewies et al. 2013). This process yielded a black powder 
that was 93 percent zirconium, though not pure enough to be created into a pure metal to 
tests the material’s behaviors properties. Pure metal zirconium did not become readily 
available for testing until 1925 when Anton Eduard van Arkel, Jan Hendrik de Boer, and 
Phillips Gloei-Lampenfabriken invented the iodide decomposition process, also known as 
the Iodide Crystal Bar Process  
With the Iodide Crystal Bar Process, researchers were starting to test the material 
properties of zirconium. However, the production of zirconium was very limited at the 
time; only a few hundred pounds of zirconium were produced in 1945, and it was very 
expensive (Krebs 1998).  Upon realizing the obvious desirable material properties such as 
good corrosion / oxidation resistance, high melting temperature, and high ultimate tensile 
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strength, the next step would be able to produce zirconium on a large scale.  The 
commercial zirconium metal did not become largely available until after the invention of 
the magnesium reduction method in 1937; which was renamed to The Kroll’s Process to pay 
homage to its inventor: Dr. William Justin Kroll (Kroll 1940). From that point on, large 
amount of commercial zirconium metal began to enter the market and was starting to be 
considered for a wide variety of different fields and industries.   
During the time of the Manhattan Project in the 1940s, several groups of engineers 
and scientists were exploring different metals and alloys for potential applications for 
nuclear reactors. Naturally, these scholars came to the realization that zirconium seemed 
to meet all the requirements for fuel cladding applications. The only issue that was standing 
in the way of potential integration into nuclear systems was the fact that early research 
studies had shown a very strong thermal neutron cross section. As thermal neutron are the 
main drivers of maintaining the nuclear chain reaction, the fuel cladding cannot remove 
neutrons from the system. 
 Around this same time, Dr. Sam Utermeyer and Dr. Albert R. Kaufman of 
Massachusetts Institute of Technology discovered that early research work and 
measurements taken of the thermal neutron cross section of zirconium were inaccurate. 
The reason for this statement was because the metal tested had a large hafnium content 
which occurs natural with zirconium in zircon (Weinberg 1994).  As will be shown the next 
section, the approximately 2.5% naturally occurring hafnium within the zircon was proved 
later to be the main cause for the high thermal neutron cross section. With a very low 
thermal neutron absorption cross section, coupled with excellent oxidation / corrosion 
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resistance and resistance to irradiation, nuclear-grade zirconium has become the material 
of choice when it comes to nuclear fuel cladding.  
 
2.2.1 Physical, Chemical and Nuclear Properties 
 
Zirconium, in its natural form, is a glossy, grayish white, ductile metal. A collection 
of physical properties of zirconium metal is given in Table 2.2.  
Table 2.2: Physical Properties of Zirconium metal, adapted from Schweitzer (2003) 
 
  
Due to its high melting temperature and hardness, zirconium belongs in a class of 
elements known as refractory metals. Refractory metals are a class of metals that are 
extraordinarily resistant to heat and wear (Lemaigan 2003). Referring to the wider 
definition of refractory metals, these elements (i.e.: titanium, niobium, molybdenum, and 
tungsten) all share some properties including a melting point above 1,850 °C, chemically 
inert, and a relatively high density. Because refractory metals are stable against creep 
Properties                                                                          Zirconium                        
 
Atomic number                                                                                  40                
Atomic weight                                                                                91.22 
Density 
   at 20°C (g/cm3)                                                                            6.510 
Melting Point                                                                              1845°C 
Boiling Point                                                                              3577 °C 
Thermal conductivity                                 100°C, o,o49 cal/s/cm/°C 
Specific heat                                                                   0.067 cal/g/°C 
Electrical resistivity                                                                40µΩ·cm 
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deformation at very high temperatures, these materials are primarily used in high 
temperature, corrosive environments. 
Zirconium and its parent alloys used in nuclear applications also require adequate 
mechanical properties at elevated pressures and temperatures, which is vital for fuel 
assembly performance. Some of the basic properties of zirconium metal are shown in Table 
2.3, with its alloys demonstrating considerably better mechanical properties.  
Table 2.3: Mechanical properties of zirconium metal, adapted from Schweitzer (2003)  
 
 
 
 
Finally, the third and most important characteristic of zirconium metal is its 
nuclear properties. In particular, zirconium’s thermal neutron cross sections and how it 
compares to other elements and isotopes. As mentioned previously, when initial studies on 
zirconium had been done, scientist had actually taken a false reading. The reason for this 
is that the element Hafnium chemically resembles zirconium and is found in zirconium 
minerals. Non-nuclear grade zirconium contain as much as 4.5 weight percentage hafnium, 
which has a thermal neutron cross section area of two orders of magnitude larger than 
zirconium (Weinberg 1994). Nuclear grade zirconium are manufactured to be essentially 
free of hafnium (< 100 ppm) and is used for nuclear fuel rod cladding, guide tubes, spacer 
grids, and pressure tubes (Schemel 1977). A detailed discussion on the importance of 
Properties                                                                          Zirconium                        
 
Tensile Strength                                                                      379 MPa                            
Yield Strength                                                                          207 MPa          
Shear Modulus                                                                            33 GPa 
Young’s Modulus                                                                       68 GPa                             
Poisson’s Ratio                                                                                0.35 
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neutron thermal absorption cross sections, typical value ranges, and importance in 
choosing additives to be alloyed in to zirconium based on this characteristic will be 
explored in the ADDITIVE SELECTION PROCESS chapter.  
 
2.2.2 Zirconium Alloys 
 
Presently, there are many different alloys of zirconium used through a wide variety 
of different industries. More broadly, two series of zirconium alloys have become the major 
constituents for the development of fuel claddings: Zr-Nb and Zr-Sn. A list of the zirconium 
cladding alloys used in thermal reactor applications and their chemical compositions are 
shown in Table 2.4. Alloying elements in zirconium alloys are typically transition metals 
(e.g. Ni, Cr, and Fe), are almost insoluble within the alpha-Zr phase, and will precipitate 
out as metallic flakes (Schweitzer 2003). These flakes, dependent on the size distribution, 
will have a substantial impact on the corrosion behavior of the alloys. 
 Table 2.4: Zirconium alloy claddings used in thermal reactors and their chemical compositions 
(wt. %) (Schweitzer 2003)  
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These alloying elements play an important role in either strengthening the base 
solid or improving one or more of the material properties. Tin (Sn) is primarily used as a 
solution hardener to increase the creep resistance and strength of zirconium alloys (Liu 
2007). 
Niobium (Nb) increases the strength, ductility, and corrosion resistance when 
added to zirconium (Crepin et al. 1995). Oxygen (O), combined with an alloying element 
such as Iron (Fe) or Chromium (Cr), tends to improve plastic deformation resistance since 
the oxygen tends to fill in empty voids in the lattice structure of the material (Callister 
2006).  Changing these percentages or adding new alloying agency have a large effect on 
how well the material performs under certain conditions. This research experience will 
attempt to introduce an alloying element that will potentially slow the rate of hydrogen 
reduction during an accident scenario.  
 
2.2.3 Corrosion of  Zirconium 
 
With now being familiar with the types of failures that can occur within a reactor, 
the effects that these issues have on decreasing the amount of coolant and increasing 
temperatures, and the material phenomena that have been found to occur as the coolant 
medium is boiled away, the next level of understanding is get a broad sense of the processes 
that are at work during oxidation. Understanding the oxidation process will serve a dual 
purpose: first, to full develop the contrivances and apparatuses at play and secondly, to 
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ultimately determine which potential metal additives could in theory retard the process 
successfully.  
Mankind has been struggling with the effects of the corrosive process for hundreds 
of years. In a landmark paper released in 1903, Willis Rodney Whitney (Suits 1960), an 
American chemist and founder of the research laboratory of the General Electric Company,  
lead scientists and researchers to view corrosion as an electrochemical process. As a 
consequence of the publication, significant studies were undertake on electrolytic 
corrosion. While a number of papers proposed the idea that corrosion was a direct chemical 
reaction, it wasn’t until the early 1920s that a comprehensive electrochemical theory was 
produced.  
After World War II, the detrimental effects of corrosion on safety, environment, and 
the economy became evident, leading to a sharp increase in research geared towards 
corrosion prevention. With new advances in scanning electron microscopes, multi-particle 
collision dynamics, and computer simulations, there is a wide array of new equipment 
available to help better understand complicated, nanoscale processes. This sudden influx 
of new technology has made it possible for scientists looking at corrosion, an old and well-
understood phenomenon, to see things in a completely new light.  
The process of oxidation fall under the umbrella term of corrosive properties of a 
given material. The formal definition of corrosion is the loss of material or the degradation 
of material due to interaction with its environment (Jones 1996). From years of research 
and studies, there are two primary variables that have been identified as the main drivers 
of corrosion: environmental variables and material variables. Environmental variables 
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include the type of medium that material is placed in (aqueous, organic, gas, molten salt, 
etc.), temperature, aeration, fluid velocity, active ion concentrations, and electrical 
potential. Material variables are based on material composition (base metal, alloy, phases, 
impurities, etc.), fabrication method, and surface condition. All of these variables play in 
large role in the overall thermodynamic and kinetic processes that lead to corrosivity issues.   
There are several difference mechanisms at work that influence the rate of 
corrosion. Figure 2.1 is a depiction of the of oxidation cycle of iron when placed within an 
aqueous medium. The process shown is iron, but the mechanics for corrosion are the same 
for all metallic elements. 
 
Figure 2.1 Sketch of Thermodynamic Drivers of Corrosion in Water (Hyperphysics 2013) 
 
Electrochemical thermodynamics is a subfield of chemistry that deals with 
equilibriums in electrochemical reactions. Most reactions in chemistry do not simply move 
in one direction: there is typically a forward reaction from reactants to products and a 
reverse reaction that converts products that can produce additional reactants. Placing 
materials into new environments with different ion concentrations, temperatures, 
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pressures, free energy, or electrical potential will cause reactions to occur on the surface. 
In the case of Figure 2.1, iron directly on the surface interacts with free hydroxide. As the 
iron element precipitated, the surface becomes more and more susceptible to this cathodic 
process. The Nernst Equation, derivate from the Gibbs free energy, enables the 
determination of electromotive forces of a material (Wahl 2005). The equation and a 
tabularized table of standard reduction potentials at 25°C can be found in Table 2.5.  
Reduction differs from the oxidation by inversing the sign of one to the other.  
  
Table 2.5: Nernst Equation of various elements, Adapted from Wahl (2005)  
 
 
 
 
 
 
 
 
As was previously discussed earlier, one of the great material characteristics of using 
zirconium in nuclear systems and environments is because of the material’s excellent 
oxidation/corrosion performance. During normal operating temperatures and pressures, 
                                                               Standard Reduction Potential        
Reaction                                                                      (Volts) 
 
Au3+ + 3e-  =  Au                                                         +1.498                          
Cl2 + 2e-  =  2Cl-                                                          +1.358                                                                    
Pt3+ + 3e-  =  Pt                                                             +1.118                            
Ag+ + e-  =  Ag                                                              +0.799                                                                                                     
Hg22+  + 2e-  =  2Hg                                                     +0.799                                                                                                               
Fe3++3e-  =  Au                                                             +0.711                                                                                                                                                                                        
Cu2+  +2e-  =  Cu                                                           +0.342                                                                                                                                                                                         
Su4+ + 2e-  =  Su2+                                                         +0.150                                                                            
2H+ + 2e-  =  H2                                                             0.000 
C02+ + 2e-  =  Co                                                           -0.277 
Zn2+ + 2e-  =  Zn                                                           -0.762 
Na+ + e-  ⇌  Na                                                             -2.71                                                                             
K+ + e- ⇌  K                                                                  -2.931                                                                             
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zirconium is resilient and an excellent material for fuel cladding purposes in pressurized 
water reactors that are prevalent throughout the United States. Conversely, at high 
temperatures the exothermic reaction of Zr-base alloys with steam has always been a safety 
concern for nuclear power plants during accidents such as a loss-of-coolant accident 
(LOCA) (Fraker 1989). As the temperature of the fuel starts to increase, zirconium begins 
to react rapidly with oxygen, nitrogen, and, most importantly, hydrogen (OECD 2009). The 
exothermic reaction of zirconium with water at high temperatures, which leads to the 
formation of hydrogen gas and to the accelerated degradation of fuel rod cladding due to 
hydrogen embrittlement, is as follows: 
𝑍𝑟 + 2 𝐻2𝑂 → 𝑍𝑟𝑂2 + 2 𝐻2 
This exothermic reaction is very slow below 100°C, but at temperatures above 900 
°C the reaction becomes very rapid and uncontrollable (Nielsen 2005). This is the key 
reason for oxidation being seen as the maximum temperature at which they can be used 
and adds significantly to the cost of achieving high temperatures. There are a wide list of 
consequences because of the oxidation of Zircaloy in steam: on tube dimensions, hydrogen 
uptake, heat transfer, strength, ductility, strength, and acceleration of chemical reactions. 
With all of the consequences and current polices enforced to mitigate material failure 
during accident scenarios, understanding the types of oxide layers and their respective 
resilience is very important in retaining the overall integrity of the original metal.  
The best method to understand the stability and integrity of the oxidation layers 
created on the surface of a material is the use of Pourbaix Diagrams. Pourbaix Diagrams, 
often referred to as Potential/pH Diagrams within the field of Chemistry, are mappings of 
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possible stable oxide phases within an aqueous electrochemical system (Chen et at. 2004). 
Figure 2.2 shows Pourbaix Diagrams of Zr-H2O system and the effects of increased 
temperatures on the different phases.   
 
A  Lower H2O Stability line   --- Neutral pH Line 
B  Upper H2O Stability line   — Solid-Aqueous Phase equilibria 
 
Figure 2.2 Potential-pH diagram (Pourbaix) diagram of zirconium in water at elevated temperature a) at 
298K b) at 333K c) at 373K d) at 423K. Adapted from Chen et at. (2004) 
 
An E-pH diagram is a highly advantageous organizational tool for understanding 
the susceptibility of a metal in an aqueous solution and establishing which metals are 
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expected to exhibit passivity over a particular range of pH and potential conditions 
(Brookins 1998). Pourbaix diagrams can be subdivided into three regions, based on the 
identities of the dominating species: passivity, immunity, and corrosion regions (Jones 
1996). In the passivity region, solid corrosion products such as metal oxides are dominate 
and stable on the surface of the metal. These oxides build upon each other and create an 
oxide layer on the surface of the material that helps to prevent further oxidation. In the 
immunity area, the most stable species is the unreacted metal itself. In laymen’s terms, 
within the pH and electrochemical range of an immunity region the metal cannot 
thermodynamically undergo oxidation (Uematsu et al. 2011). Finally, the area where 
aqueous ions are stable represents the active corrosion regions. These ions will actively 
interact with the material and cause corrosion to occur. Therefore, immunity is the most 
desirable region with passivation being the second best option.   
At PWR conditions (i.e., pH=6.9~7.4, 360°C) the passivation region falls into a very 
narrow pH range due to the high temperatures as show in Figure 2.2 (Fruzzetti et al. 2006). 
If the control systems are unable to moderate the core of a nuclear power plant or the 
cooling system have become incapacitated, this scenario becomes even direr to a point 
where zirconium is impossible to passivate. Active ions become the dominating species and 
is the main culprit in the increased oxidation reaction that occurs when high temperature 
steam interacts with zirconium (Best et al. 1984). Researchers have finally accepted this 
fact, knowing full-well that new material research must be done in order to better 
understand and control the effect of oxidation and hydrogen buildup from zirconium 
cladding.  The oxidation problem has sprawled a number of different potential ideas that 
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can help solve the problem of hydrogen buildup for nuclear fuel cladding due to high 
temperature steam and has accelerated over the past three to four years with the events at 
the Fukushima Daichii Nuclear Power Plant.  
  
2.3 Current research areas 
 
In a landmark report released in 2012 by Kristine Barrett, Shannon Brag-Sitton, and 
Daniel Galicki, researchers at the Idaho National Laboratory (INL) working in conjunction 
with the United States Department of Energy (DOE) and the Office of Nuclear Energy, 
delved into great lengths to discuss both the current and hypothesized developments in 
nuclear cladding systems along with each one’s specific trade-offs. In the report’s 
introduction, the researchers make the bold, yet common sense, conclusion that: 
“Fundamental improvements are required in the areas of nuclear fuel 
composition, cladding integrity, and the fuel/cladding interaction to allow 
power uprates and increased fuel burn-up allowance while potentially 
improving safety margin through the adoption of an “accident tolerant” fuel 
system that would offer improved coping time under accident scenarios. 
With a development time of about 20 – 25 years, advanced fuel designs must 
be started today and proven in current reactors if future reactor designs are 
to be able to use them with confidence.” (Barrett et al. 2012)  
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There is a wide variety of different research areas attempting to look at the problems 
that the researchers at INL, in addition to those that have been previously discussed in this 
thesis. Since Zircaloy has become the standard and most well-understood material in 
nuclear systems and environments, the main motivator behind the research studies is to 
maintain Zircaloy as the primary cladding material and either applying a coating layer to 
the surface or changing the material composition percentages to create a new, more 
durable alloy. Each one of these potentially groundbreaking processes come with their own 
unique advantages, hindrances, and technological issues that are currently barriers to 
production and implementation.     
 
2.3.1 Zr-Alloy Based Coatings 
 
Many different research institutions and labs are working on creating different 
alloys of Zircaloy that not only maintains the desirable material properties, but also help 
reduce hydrogen due to high temperature steam oxidation. There are three technologies 
that are being considered for future cladding design: Titanium aluminum carbide (Ti2AlC), 
titanium silicon carbide (Ti3SiC2), and general coating technologies (Barrett et al. 2012). 
Complex carbides, such as titanium aluminum carbide (Ti2AlC) and titanium silicon 
carbide (Ti3SiC2) have attracted great interest during the past fifteen to twenty years. With 
a better surface finish quality to reduce corrosion, hardness resilience under high 
temperatures, and longer working life due to a high resistance to wear, carbide coating “fit 
the bill” as regards to the initial requirements and characteristic of nuclear fuel cladding 
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(Bragg-Sitton 2012). These carbides also have very high melting point (above 2000°C), 
thermal conductivity (40 W/m-K), and significant fracture toughness, adding to the 
potential of these coatings to be used in future, high-temperature, high-efficiency nuclear 
power plants. (Montgomery 2011). Most of these complex carbides fall into a novel class of 
materials and coatings synthesized in the 1990’s called MAX phases. Max Phases are 
layered, hexagonal carbides and nitrides having the general formula: Mn+1AXn, where n = 1 
to 3, M is an early transition metal, A is an A-group (Groups 13 and 14 on Periodic Table) 
element and X is either carbon and/or nitrogen (Eklund et al. 2010). As these are relatively 
new phases, the biggest drawback for these carbides for potential nuclear applications is 
that there is minimal development experience. The only solution for this is time, meaning 
MAX coatings should be viewed as a potential long-term instead of a short term solution 
to the high temperature zirconium oxidation problem.   
Coating technology has been widely used in many industrial material improvements 
to increase wear resistance and corrosion, as the resistances can be obtained using a coating 
technology without the necessity to modify the base materials. Some of the materials that 
are under consideration for coating applications for Zircaloy alloys include silicon (Si), 
niobium (Nb), chromium (Cr), and molybdenum (Mo) (Barrett et al. 2012). Some of the 
potential benefits of these elements include easy application of coatings onto Zr-based 
alloys, maintain same base material as current cladding, and avoid pellet-cladding 
mechanical and chemical interactions (Carpenter 2006). Applying the coating evenly as to 
avoid localized regions of exposure, insuring that the coating is well-bonded to the surface, 
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and that the coating could not be scraped off during fuel assembly are the current 
challenges that are being faced by this technology. 
 
2.3.2 New Materials 
 
The long-term solution to the problem of high temperature oxidation of zirconium 
and hydrogen buildup is to fully replace the cladding with a new type of material. The 
material would have to exhibit the same, if not substantial greater, mechanical, chemical, 
physical, and nuclear properties; as well as remaining stable under high temperatures as to 
not contribute to hydrogen production. Chiefly driven by the events at the Fukushima 
Nuclear Power Plant, several candidates have been proposed and tested to inevitably 
replace Zircaloy fuel cladding in the not so distant future. All of these potential cladding 
technologies have high temperature strength, low chemical reactivity, no exothermic 
reaction, corrosion resistant, and high melting points (Barrett et al. 2012).  
The most promising candidate to replace Zircaloy cladding in future nuclear 
reactors is silicon carbide (SiC). Since being first proposed by the Nuclear Energy Institute 
in January 2010 as a potential cladding material, research into SiC concepts has become 
widespread including the United State Department of Energy national laboratories, 
research universities, industry (particularly the aerospace industry where it is used in 
sensors and electronic circuits), and international organizations (Katoh et al. 2012). 
Significant data has been collected as the finding are proof as to why many in the industry 
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feel it will be an inevitability for SiC to sooner or later come to be the cladding material of 
choice in nuclear fuel fabrication. 
Compared to Zircaloy, there are many material performance benefits of using SiC as 
the nuclear fuel cladding material. Being a ceramic as opposed to a metal, SiC does not 
melt, demonstrates exceptionally low oxidation rates up to 1700°C, and has been shown to 
withstand temperatures exceeding 2500°C (DiCarlo 2004). Current data available on SiC 
samples indicate oxidation rates that are two to three orders of magnitude lower than that 
of zirconium-based alloys (Ahn 2006). SiC oxidation kinetics, coupled with lower heat of 
oxidation, translates to lower maximum temperatures under postulated accident 
conditions and lead to a significant reduction in hydrogen generation. As a final point, 
irradiating SiC has shown to produce less high-level nuclear waste, reducing the overall 
cost of radioactive waste transportation and disposal (Barrett et al. 2012).    
Though there any many good things that are going for SiC, much research work 
must still be undertaken. One of the most pressing issues of SiC cladding is the joining 
technology for end cap seals. For joining two metals, the tried-and-true method is simply 
using a welding torch to join the two pieces together. However, ceramics, being fairly brittle 
and tough, are usually created in one single piece as there is no technology to “weld” two 
ceramic pieces together. Joining technology for end cap seals has not been well developed 
or tested for application in nuclear fuels (Barrett et al. 2012). There must also be significant 
research grants in the areas of fatigue testing, thermal properties, manufacturability, and 
long-term irradiation effects on disposal and storage.      
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Silicon carbide composite cladding will allow for significantly safer, more efficient 
operation of present and future nuclear systems. Though many obstacles and technological 
challenges remain the successful development of silicon carbide materials for nuclear 
reactor components can potentially ensure America’s leadership in the development of 
passively-controlled, next generation nuclear systems. 
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CHAPTER 3 
ADDITIVE SELECTION PROCESS 
 
Throughout the entire LITERATURE REVIEW chapter, a mutual theme was 
conveyed for all of the prospective techniques that are currently under research for 
reducing high temperature oxidation of zirconium: all of these technologies are still in the 
initial stages of development and none of them have the potential to be implemented 
instantaneously into current nuclear reactor fuel designs. With many power plants based 
off of similar design feature that were prevalent in the Fukishma Daichii Reactor, there is a 
large demand for a cheap, efficient, and effective way to safely reduce hydrogen production 
under accident states.          
 The main objective of this thesis study is to determine the feasibility of an additional 
additive that would be added into Zircaloy, thereby creating a new alloy that keeps intact 
of the material performances accustomed to the commercial Zircaloy and helps to reduce 
the oxidation rate of zirconium due to high temperature steam. There were six different 
criteria that lead to the selection of titanium as the additive to be tested in this thesis: 1) 
Neutron Absorption Cross Section, 2) Oxide Formation, 3) Melting Temperature, 4) 
Thermal Conductivity, 5) Phase Stability. All of these different aspects will play a key role 
narrowing down the list of potential elements that have the ability to be quickly integrated 
into current nuclear fuel cladding systems.   
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3.1 Neutron Absorption Cross Section 
 
Nuclear reactions are dependent on numerous diverse variables. From the type of 
radiation interaction, energy level of interacting particle, and the target element, there are 
many different levers affecting the behavior of the materials under high energy particles. 
The concept of a nuclear cross section can be quantified physically in terms of the 
"characteristic area" where a larger area means a larger probability of interaction (Schemel 
1977). Cross sections can either be measured for all possible interaction processes together, 
in which case they are called total cross sections, or for specific processes, elastic scattering 
and inelastic scattering for example. For neutrons the absorption cross sections are of 
particular interest as this determines the likelihood that a nucleus will pass through a 
medium and interact with uranium to sustain the nuclear chain reaction. 
The standard unit used to characterize the probability that a nuclear reaction occurs 
is the barn. The nuclear radius of a typical element is of the order of 10−12 cm. With the cross 
section in geometry defined  being  cross sections for nuclear reactions to be of the order 
of πr ²  or roughly 10−24  which is known throughout nuclear physics as one barn (denoted 
as b) (Metropolis 2004). The term “barn” was coined by American physicists at Purdue 
University during the Manhattan Project who were deflecting neutrons off uranium nuclei 
described the uranium nucleus as "big as a barn" (Wackeroth et al. 2009). Barns simplify 
the values for cross sections, allowing for a direct comparison of all possible elements that 
are of interest in nuclear energy systems and environments.  
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Compiled data on thermal neutron absorption cross sections are readily available in 
academic texts (Table 3.1). The thermal neutron absorption cross section is independent 
of the atomic number, atomic mass, or density: the value are dependent on the internal 
energies of the element that either are favorable or unfavorable for neutron absorption. 
 
Table 3.1: Thermal neutron absorption cross section of various material, Adapted from Schemel 
(1977)  
 
 
 
 
 
 
 
 
Comparing the current additives being used in different Zircaloy alloys (Table 2.3) 
with the table of neutron thermal cross sections (Table 3.1), the range of cross sections that 
are being used in within nuclear fuel cladding is from 0.185 barns (Zr) to 4.5 barns (Ni). 
With the fact that this additive will have a very low weight percentage within the alloy, the 
highest allowable value of the overall thermal neutron cross sections for the elements will 
be 10 barns. Hypothetically speaking, if all the iron within Zircaloy-4 were to be removed 
                                                                        Thermal Neutron Cross 
Metals and Alloys                                            Section (Barns)                                                                             
 
Mg                                                                                0.059                            
Zr                                                                                  0.185                            
Zircaloy-4                                                                     0.22                            
Sn                                                                                  0.65                            
Fe                                                                                  2.56 
Cu                                                                                  3.78 
Cr                                                                                   3.1 
Ni                                                                                   4.5 
Ti                                                                                   6.09 
Ta                                                                                  20.6 
Hf                                                                                  104 
B                                                                                    749 
Cd                                                                                 2450 
Sm                                                                                5922 
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and replaced with an element with a thermal neutron cross section of 10 barns, the overall 
absorption cross section of Zircaloy-4 would only change from 0.22 barns to 0.24 barns 
(ANL 2002). The main goal will be to find and element that encompasses all the different 
aspects while not reducing the overall k-effective of the system too significantly.   
 
3.2 Melting Temperatures 
 
The next important feature that must be exhibited by the additive that will be 
combined with the zirconium is its melting point. The typical operating temperature of a 
pressurized water reactor is around 300°C and during a coolant accident, the temperature 
within the core can become as high as 1900°C, causing the Zircaloy fuel to begin to melt 
(Steinbrück et al. 2008). The overall integrity of the nuclear fuel cladding must be 
maintained as to not cause additional safety concerns especially during normal operating 
conditions. 
 Amassed statistics on melting temperatures of Zircaloy alloys reveal stable elements 
that are able to withstand very high temperatures. Melting temperatures of elements are 
dependent on several different factors: molecular size and structure, molecular symmetry, 
intermolecular forces, and purity (HSM Wire 2013). The melting temperature of the 
additive must serve two distinct purpose: the temperature must be high enough as to 
remain solid during normal operations but low enough as to begin to melt and diffuse 
towards the surface of the material to create an oxide layer to prevent oxidation of 
zirconium to occur.   
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Table 3.2: Melting temperatures of various material, Adapted from HSM Wire (2013)  
 
 
 
 
 
  
 
 Based on data provided on pressurized water reactor operating pressures and 
temperatures, along with melting temperatures of various materials present in current 
nuclear cladding alloys (Table 3.2), the range of melting temperatures that are of interest 
for the additive selection process will be need to be much higher than the operating 
temperatures (300°C) but less than the melting temperature of zirconium (~1850°C). The 
reasons for this range is twofold: the metal must remain in a stable form during normal 
operations and, during an accident where a lack of cooling capability is involved, the metal 
must be able to diffuse to the surface (Barrett et al. 2012). Diffusing to the surface will allow 
the metal to create a strong oxide layer that will act as a barrier to hydrogen being released 
through the oxidation process with zirconium as well as hydrogen absorption initiating 
stress corrosion cracking leading to accelerated material degradation (Farina et al. 2003).  
 
                                                                        Melting Temperature 
Metals and Alloys                                                       (°C)                                                                             
 
Sn                                                                                    232 
Mg                                                                                  650 
Sm                                                                                  1074 
Cu                                                                                   1085 
Fe                                                                                    1538 
Ti                                                                                    1668 
Zircaloy-4                                                                      1850      
Zr                                                                                    1855 
Cr                                                                                   1907 
B                                                                                    2076 
Ta                                                                                  3020      
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3.3 Thermal Conductivity 
 
The thermal conductivity of a material, as defined by academic texts, is the property 
of a material describing the rate at which heat flow through a material between two points 
of different temperatures (Pichanusakorn et al. 2010). Basically, it is the measure of a 
material's ability to absorb heat. In SI units, thermal conductivity is measured in watts per 
meter kelvin (W / (m·K)).  Following the Wiedemann–Franz law, thermal conductivity of 
metals is approximately proportional to the absolute temperature (in Kelvin) times 
electrical conductivity (Roberge 2000). Thermal conductivity is often confused with the 
material’s electrical conductivity which is a measure of the material ability to conduct an 
electrical current.  
There are many influencing factors that can effect a material’s thermal conductivity. 
For metals with little to no impurities, the electrical conductivity tends to drops as the 
temperature increases. Using the product law of electrical conductivity and temperature, 
the overall thermal conductivity stays roughly constant (Roberge 2000). This is not the case 
for alloyed metals as the value of the electrical conductivity change is smaller, which leads 
to the behavior of that thermal conductivity increases proportionately with temperature. 
Chemical phases of the metal (solid to liquid transition) typically reduces the materials. 
Finally, external forces (incorporation of magnetic fields and cooling methods) affecting 
the material components can play a role in thermal conductivity determination (Gavili et 
al. 2012).   
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Thermal conductivity of different metals is extremely important within the nuclear 
industry. A nuclear reactor, as is the case with any method used to generate electricity, 
centers on the idea of conversion: transforming one form of energy into electricity that can 
be used to power homes, business, etc. Efficiency of the nuclear reactor core would increase 
simply by having the uranium fuel pellets without any cladding material. However, as 
discussed earlier in the thesis, radioactive elements release, fuel degradation, and fission 
gas buildup would make the entire process unsafe and unpractical for large scale 
operations. Because of this, the cladding of the fuel must not impede the release of heat 
considerably as to not reduce the overall efficiency of the system. Most metals in nuclear 
power applications today have very high rates of thermal conductivity (Table 3.3) 
 
Table 3.3: Thermal conductivity of various material, Adapted from Roberge (2000)   
 
 
 
 
 
  
 
Based on this data, and the information gather from the operating characteristics of 
nuclear reactors, the thermal conductivity for the additive must not reduce the overall 
                                                                        Thermal Conductivity 
Metals and Alloys                                               ( W/(m ·K))                                                                             
 
Sm                                                                                    13 
Zircaloy-4                                                                        21.5 
Ti                                                                                      22 
Zr                                                                                      23 
Ta                                                                                      57 
Sn                                                                                      67 
Fe                                                                                      80    
Ni                                                                                      91 
Cr                                                                                      94 
Au                                                                                     320 
Cu                                                                                     400 
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thermal conductivity of the alloy currently incorporated in reactors. Increasing the overall 
thermal efficiency would natural be the most ideal situation but the cladding efficiency 
play a very small role in the overall efficiency of the nuclear power plant. Therefore, the 
thermal conductivity will be seen as a secondary characteristic of the additive.   
 
3.4 Oxide Formation 
 
In order to effectively contain the oxidation of zirconium due to high temperature 
steam, it is important for the additive to produce a stable oxide. As discussed in the 
LITERATURE REVIEW Chapter, allowing for passivity to occur will create an inert barrier 
that will protect the surface of zirconium from interacting with the steam. The oxide must 
also have a high melting point (Table 3.4) as the additive would only be able to reach the 
surface of the material during accident scenarios where cooling mechanisms of the core 
have been disrupted.   
Table 3.4: Oxide melting temperatures, Adapted from IUPAC (1982)  
 
 
 
 
                                                                          Melting Temperatures 
Oxides                                                                          (°C)                                                                             
H2O                                                                                    0 
SiO2                                                                                  1600 
SnO2                                                                                 1630 
TiO2                                                                                   1843 
Ta2O5                                                                                 1872    
ZrO2                                                                                   2715 
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 The main reason as to why metal oxides have very high melting temperatures is due 
to ionic bonding. Ionic bonds, also known as electrovalent bond is a type of bond formed 
from the electrostatic attraction between oppositely charged ions in a chemical compound 
(Johnson 2002). These kinds of bonds occur mainly between a metallic and a nonmetallic 
atoms. In the case of oxide formations, the oxygen requires two valance electrons in order 
to become a stable element. These non-metals readily pull electrons very easily from the 
metal due to the metal having extra valence electrons that must be removed in order to 
achieve electrochemical stability. These two opposite ions attract each other and form the 
ionic bonds that are very difficult to disrupt. The additive that will be used in this thesis 
must be able to demonstrate the ability to not only create a stable oxide but also be able to 
withstand high temperatures within a nuclear reactor.   
 
3.5 Diffusion Coefficient 
 
To allow for the additive to be able to reach the surface of the cladding, the diffusion 
coefficient must be analyzed. Diffusion is one of several transportation phenomenon that 
occur in nature. Along with mass transfer, momentum transfer, and energy transfer, 
diffusion transfer are ubiquitous throughout engineering disciplines as a means of studying 
large, multifaceted systems (Duderstadt et al. 1976). Diffusion transport is primarily 
focused on the tendency of molecules to spread into an available space. Without other 
outside forces at work, substances will move, or diffuse, from a more concentrated to a less 
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concentrated environment. No work is performed for this to happen, as diffusion is a 
spontaneous process. Diffusion coefficient is typically expressed having SI units of cm2/s.     
The rate at which diffusion occurs is dependent upon several factors. For starters, 
temperature has the greatest influence on the rate of diffusion and is easiest of the factors 
to control or monitor (Philibert 2005). As the temperature is increased, there will be more 
energy in the particles. This will allow the particles with more energy to move through the 
material with which leads to an overall increased diffusion coefficient. The rate of diffusion 
also governed by the concentration difference. The greater the concentration difference 
between the two materials, the faster the substance will diffuse (Duderstadt et al. 1976). 
Finally, the diffusion coefficient is inversely proportional to the size of the particle while 
directly proportional to the surface area that that particle needs to pass through.  
Much of the experimental data the diffusion of elements through a zirconium 
medium has been conducted and summarized by G.M Hood (1988) in the plot shown in 
Figure 3.1.  
 
 
 
 
 
 
                                
Figure 3.1: Diffusion coefficient as a function of inverse temperature for various solutes in alpha Zr. 
“SUB” are substitutional solutes, “RE” are rare earths, and “VAC” are vacancies (Hood 1988)  
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Hood relates these diffusion rates to the relative atomic sizes: as the atomic size of 
the diffusing species increases, the diffusion coefficient decreases. With hydrogen having 
the smallest atomic size, it only makes sense for it to have the largest diffusion coefficient 
in any medium. When selecting an additive, it will be important for the material to have a 
diffusion coefficient similar to the fast diffusers. If the additive could be amongst the first 
to diffuse to the surface, it will be able to oxide, create a stable barrier, and protect the bulk 
of the material during an accident.     
 
3.6 Top Four Additive Candidates 
 
Over the past few sections, several desirable characteristics were presented and 
deliberated in order to choose an additive for nuclear fuel cladding that will help to reduce 
the oxidation process of zirconium under high temperature events. Using these 
benchmarks, four potential additives were selected (Table 3.5) for use with zirconium. 
Table 3.5: Four potential additives, adapted from Schemel (1977), IUPAC (1982), and Roberge (2000)   
Element 
Neutron Absorb. 
Cross Section (b) 
Melting 
Temperature (°C) 
Thermal 
Conductivity 
(W/(m·C)) 
Stable Oxide 
Formation 
Oxide Melting 
Temperature (°C) 
Titanium 6.4 1668 22 TiO2 1843 
Tantalum 21.0 3017 57 Ta2O5 1872 
Vanadium 4.80 1910 30.7 VO2 1967 
Niobium 1.2 2477 53.7 NbO2 1915 
Zirconium 0.18 1855 22.6 ZrO2 2715 
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Discovered in 1871, Titanium (Ti) is a lustrous transition metal with a silver color, 
low density and high strength. The two most useful properties of the metal are corrosion 
resistance and the highest strength-to-density ratio of any metallic element (Krebs 2006). 
Titanium can be alloyed with iron, aluminum, among other elements, to produce strong 
lightweight alloys for a variety of different applications. This metal is also readily available 
as it is the ninth-most abundant element in the Earth's crust (0.63% by mass) and the 
seventh-most abundant metal (Donachie 1988). The main reason as to why it is not used as 
readily is because titanium metal is therefore produced commercially by the Kroll Process.  
Known for its rarity (1-2 ppm) and high corrosion resistance, Tantalum (Ta) is part 
of the refractory metals group, which are widely used as minor components in alloys (USGS 
2008). The chemical inertness of tantalum brands itself as a treasured commodity for 
laboratory equipment and capacitors in electronic equipment (Espinoza 2012). As is the 
case for most refractory metals, the hardest known compounds of tantalum are its stable 
nitrides / carbides and are commonly used for a variety of different cutting tools.  
Vanadium (Va) is an element commonly found in crude oil deposits (>1200 ppm) 
and has many of similar material properties of chromium. The moderate thermal neutron-
capture cross-section and the short half-life of the isotopes produced by neutron capture is 
the reason why vanadium has been researched and has been deemed a suitable material for 
the inner structure of a fusion reactor (Matsui et al. 1996). The issue with vanadium is that 
even though it occurs naturally in over sixty-five different minerals, metallic vanadium 
cannot be found in nature. It should also be noted that all vanadium compounds are 
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considered, as stated by the Occupational Safety and Health Administration (OSHA), as 
toxic (ATSDR 2009).   
Finally, Niobium (Nb), discovered in 1734 by Connecticut Governor John Winthrop 
the Younger, has already been researched by several national labs for potential applications 
to nuclear cladding fuel due to the material’s temperature stability and low toxicity 
(Nikulina 2003). Currently, niobium carbide is used widely in high-strength steel alloys to 
increase the strength and resistance of the steel to heat and corrosion and niobium nitride 
is a vital component necessary to create superconductor magnets for use in MRI 
equipment, mass spectrometers, and other scientific applications. Some of the future 
potentials of Niobium include replacement of tantalum capacitors and superconducting 
magnets for easier transmission of electrical power (Biason Gomes et al. 1991). 
All of these elements fulfill all the desirable material properties heretofore outlined 
in this chapter. There were several other minor characteristics that were also taken into 
account in the selection process:  
 
  1. Manufacturability: Designing for manufacturability is a criteria that is 
constantly overlooked.  This design practice not only focuses on the design aspect 
of a part but also on the producibility. In simple language it means relative ease to 
manufacture a product, part or assembly. The most easily machined types of metals 
include aluminum, brass, and softer metals. As materials get harder and denser, it 
becomes much more difficult to machine, taking more time and costing a lot more 
(Orshansky et al. 2008). With most of the product lifecycle costs are committed at 
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design stage, the additive should not significantly increase the fuel cell 
manufacturability.  
 
2. Heat Capacity: One material property that will be a minor role in determining 
the additive for zirconium is the heat capacity. The heat capacity is a measurable 
physical quantity of heat energy required to change the temperature of a given 
object by a given amount (Wink et al. 2000).If heat is added to an object, that 
object's temperature will rise. Heat capacity quantifies just how much heat you can 
put in before the temperature has risen by, for example, one degree Celsius. If it has 
a large heat capacity then more heat can be absorbed before it rises in temperature 
by one degree Celsius. Cladding material must have a high heat capacity, particularly 
when active cooling is not available, as the cladding must be able to absorb large 
amounts of heat without drastically changing the overall bulk temperature of the 
material.  
 
3. Creep:   For materials being exposed for long periods of time in harsh 
environments, a phenomenon that occurs to material is creep. Creep, sometimes 
called cold flow, is the tendency of a solid material to move slowly or deform 
permanently under the influence of mechanical stresses (Ashby et al. 1980).The 
temperature range in which creep deformation may occur differs in various 
materials. As a general guideline, the effects of creep deformation generally become 
noticeable at approximately 30% of the melting point (kelvin temperature) for 
50 
 
metals (Frost et al. 1982). Under standard operating conditions, creep should not be 
an issue when selecting an additive.   
 
4. Material Cost Analysis:   Finally, the additive selected must make economic 
sense. Even if there was a “magic bullet” that could solve the hydrogen buildup 
problem, there would be little momentum to try and implement it if the cost of fuel 
had to increase substantially. The cost of a material is dependent on how abundant 
the element is in the Earth’s crust and if the element is found in a pure form or needs 
to be separated, which at times can become extremely expensive to accomplish.        
 
3.7 Titanium: Chosen Additive  
 
Over the past few sections, several desirable characteristics were presented and 
deliberated in order to choose an additive for nuclear fuel cladding that will help to reduce 
the oxidation process of zirconium under high temperature events. Upon researching these 
four elements, the additive that was selected to be researched in this thesis was titanium. 
Titanium, has the potential, to revolutionize nuclear fuel cladding design for years to come.   
All the major characteristics from the selection criteria pass with flying colors with 
the choice of titanium. Though the thermal neutron absorption cross section of titanium 
is slightly higher than most alloying elements used (Table 3.1), there are several isotopes 
(46Ti has a radiative capture cross section of .536 barns compared to the highest naturally 
abundant 48Ti with 7.843 barns) that have the potential to viable options for reducing the 
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absorption of thermal neutrons (Schemel 1977). The melting temperature of titanium metal 
and titanium dioxide (1,668°C and 1,843°C respectively) fits perfectly into Table 2.1 of the 
desirable temperature range as the reaction of Zircaloy with high temperature steam occurs 
between 1,450°C-1,550°C (Ragheb 2013). Concentrating the titanium on the surface would 
create a strong barrier of oxide that would prevent zirconium moving to the surface and 
hydrogen entering into the cladding. The thermal conductivity and diffusion coefficient of 
titanium are either at or above the current materials alloyed into zirconium to create 
Zircaloy and since titanium is a common alloying agent in a variety of different fields (i.e.: 
aerospace, manufacturing, and metallurgy), titanium’s phase will be very stable at the 
elevated temperatures that come with nuclear power production.     
For the minor characteristics, all but one of them become a non-issue. With typical 
operating temperatures around 300°C, creep would not affect the titanium unless the 
temperature peaked at over 550°C, with the reactor having to operate at those higher 
temperatures  for a very extended period of time (several months) (Ashby et al. 1980). The 
only means by which the fuel could begin to reach those temperatures is during a cooling 
accident, of which creep is the least of the reactor operator’s concerns. Manufacturability 
of titanium alloys, as opposed to pure titanium parts is much less expensive and the heat 
capacity of titanium is the main reason for its applications in high temperature 
environments.   
One of the major constraints that has plagued large scale use of titanium is not due 
to the fact that is scarcely available in the Earth’s crust (titanium, as noted earlier, is the 
ninth-most abundant element), it is that the process to separate titanium from oxygen is a 
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very expensive. Because titanium reacts with oxygen at high temperatures it cannot be 
produced by a simple reduction process.  The relatively high market value of titanium is 
mainly due to its processing, which sacrifices another expensive metal, magnesium. 
During titanium fabrication under the Kroll Process, the titanium oxide is converted 
into titanium chloride through carbo-chlorination, a technique where chlorine gas is 
passed over red-hot rutile, the most common form of titanium oxide (Imam et al. 2010). 
Upon a purifying the titanium chloride (TiCl4) by distillation, the titanium is reduced from 
chlorine using an 800 °C molten magnesium in an argon atmosphere. This process 
sacrifices pure magnesium, a highly expensive metal, and is the reason as to the relatively 
high market value of titanium.     
This constraint, however, as the potentially to be removed within the next few years. 
In the February 16th, 2013 issue of The Economist in the article entitled “A Tantalizing 
Prospect”, Wath Dearne highlighted the founders of Metalysis, a small British firm claiming 
to have created a method to produce titanium powder for less than a tenth of the current 
price (Dearne 2013).The process starts with powdered metal oxide, which acts as the 
cathode. The anode is made of carbon, and the molten salt (1,000°C) acts as an electrolyte. 
This system behaves along the lines of a very large battery, permitting current in the form 
of oxygen ions that pass from cathode to anode. Along the way, the ions react to form 
carbon dioxide, while the cathode is gradually transformed from oxide to metal directly 
instead of melting it with magnesium. This process is currently being used for tantalum 
but has the potential to be applied to a wide variety of different abundant yet expensive 
metallic elements. 
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CHAPTER 4 
EXPERIMENTAL PROCESS 
 
4.1 Overview of Test Specimens 
 
Two different types of materials were used through this research project. The first 
specimens used to see high-temperature oxidation behavior and the effects of the titanium 
additive on the surface to curb overall hydrogen buildup were Zircaloy-2. Zircaloy is a 
trademark for an alloy of zirconium with small amounts of tin, iron and chromium, used 
to clad fuel elements in water reactors (). Currently, there are two kinds commonly used, 
Zircaloy-2 in Boiling Water Reactors (BWR) and Zircaloy-4 in Pressurized Water Reactors 
(PWR). Each one roughly contains about 98% zirconium and, on average, has a neutron 
capture cross section of 0.193 barns, ideal for use within a nuclear reactor.  
The Zircaloy-2 that was used throughout this thesis was produced and 
manufactured by ATI Wah Chang, one of the largest and most diversified specialty metals 
producers in the world. After obtaining a large of ATI Wah Chang Zircaloy-2, the specimens 
were cut into 1 cm x 1 cm squares using a low speed diamond saw. A low speed saw is 
excellent for cutting smaller, delicate samples that cannot tolerate increased heat caused 
by high speed sectioning. Six separate specimens were cut from the sheet in insure that 
enough samples were available in the unlikely event that they were defective or destroyed 
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during the fabrication process or experimental testing. Figure 4.1 demonstrates the size 
and shape of test samples that were created. 
 
            Figure 4.1: 1 cm x 1 cm ATU Wah Chang Zircaloy-2 Samples  
 
Once cut from the initial sheet, the ATU Wah Chang Zircaloy-2 samples were 
mechanically polished. Polishing the surface of metals has many advantageous effects for 
the samples. Polishing, often used to enhance the looks of an item, is important in 
preventing contamination for surface partials, removal of oxidation, and prevention of 
corrosion. In metallography, polishing is used to create a flat, defect-free surface for 
examination of a metal's microstructure under a microscope.  The samples were 
mechanically polished using 600 grit paper, to 9 micron then to 3 micron, and finally down 
to 0.5 micron. Due to the small size of the samples, they were affixed to the sample holders 
with crystal bond, and then all polished at once using a mechanical polisher. Upon 
completion, the crystal bond was removed with acetone, and then they were finally cleaned 
with methanol.  
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The second experimental material of which was of most interest was the Zirconium-
Titanium Foil, a material not radially available and fairly experimental at this point in time. 
The Zr-Ti Foil was fabricated by American Elements, a world leader in the industrial 
application of materials science and advance materials (American Elements 2014). The 
elemental composition of the Zirconium Titanium Foil, which can be found in Table 4.1, 
shows that the material is 99% (metals basis) with very little contaminate materials.  
Table 4.1: Certificate of Analysis for Zr-Ti Foil, Determine by American Elements  
 
 
 
 
 
The initial production of the Zr-Ti Foil created a 30 cm x 30 cm x 3mm plate. In order 
to create material to be tested, 1 cm x 1 cm x 3mm cubes were cut from the material using 
an Electric Discharge Machine (EDM). EDM is a machining method primarily used for hard 
materials that are impossible to machine with traditional cutting saw. The only limitation 
for EDM is that the material must be electrically conductive, which worked for the Zr-Ti 
Foil since it contained a fair amount of titanium.  Once several test coupons were machined 
from the initial plate, the Zr-Ti Foil specimens were polished on one side and cleaned with 
methanol to remove any surface contaminants. Figure 4.2 demonstrates the size and shape 
of test samples that were created. 
Elements                                                                 Composition  %                                                                             
Zirconium                                                                           92 
Titanium                                                                               8 
Iron                                                                                   0.0250 
Nickel                                                                                0.0145 
Silicon                                                                                0.0055    
Chromium                                                                         0.0054 
Copper                                                                               0.0048 
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            Figure 4.2: 1 cm x 1 cm x 3mm American Elements Zr-Ti Foil Samples  
 
4.2 Experimental Equipment 
 
Several different equipment were used to apply titanium to the surface of the 
Zircaloy-2 samples and to test each specimens. These equipment, due to their complexity, 
should be adequately discussed to get a better sense as to how these systems are important 
and why these equipment were employed in answering the questions posed by the stated 
thesis research.   
In order to deposit titanium to the surface of the Zircaloy-2 samples, a technique 
known as sputtering was employed. Sputtering is a fairly common technique used to 
deposit thin films of a material onto a surface. This process starts by first creating a gaseous 
plasma, accelerating the ions from the plasma into some source material, eroding the 
source and ejected the material in the form of neutral particles (AJA 2012). As these neutral 
particles are ejected they will travel in a straight line unless they come into contact with a 
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substrate. When the substrate is placed in the path of these ejected particles it will be 
coated by a thin film of the source material. 
For years, the “diode sputtering” method previously discussed has proven to be a 
very useful technique for creating thin films. Diode sputtering however has two major 
problems: the deposition rate is fairly slow and electron bombardment of the substrate 
causes overheating and structural damage. The development of magnetron sputtering, 
which was used in the thesis research, deals with both of these issues simultaneously (AJA 
2012). Magnets are used behind the cathode to trap free electrons within the magnetic 
fields. At the same time, these trapped electrons increase the probability of ionizing the 
neutral gas molecules, significantly increasing the rate of deposition onto the substrate.   
The equipment that was used to sputter titanium onto the surfaces of the Zircaloy-
2 specimens in this thesis study was an AJA 8-gun DC Metal Sputtering System. AJA 
International, Inc. (est. 1989) has been world-renowned for their work as a supplier of thin 
film, vacuum, and microwave products since 1991 (AJA 2012). The sputtering system, shown 
in Figure 4.3 is housed in the Micro-Nano-Mechanical Systems (MNMS) Cleanroom 
Laboratory within the Department of Mechanical Science and Engineering at the 
University of Illinois at Urbana-Champaign.  
 
            Figure 4.3: AJA ATC ORION 8 HV Series Sputtering System in the MNMS Lab  
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The AJA ATC ORION 8 HV Series Sputtering System has eight 2" magnetron 
sputtering sources and tuning chimneys designed to optimize deposition uniformity. The 
deposition uniformity is within ±5% over a four inch sample (AJA 2012). It is equipped with 
two 750W DC power supplies. The system is currently attached to a cluster tool, allowing 
the user access to metal sputtering without breaking vacuum. The cluster tool, which is 
also equipped with a load-lock system, reduces system contamination and provides a 
cleaner film deposition on the specimens.  
In order to oxidize the test coupons in a high temperature steam environment and 
determine weight loss, thermal analysis was utilized. Thermal analysis can yield valuable 
information on sample composition for a broad range of applications. Simultaneous 
thermal analysis (STA) is an established method for characterizing material by 
simultaneous measurement of mass changes and caloric effects of a sample subjected to a 
given temperature program. To do this type of investigation, the STA 449 F1 Jupiter, seen 
in Figure 4.4 proved to be a very useful tool for the thermal analysis of the different 
materials.   
 
            Figure 4.4: STA 449 F1 Jupiter® – Simultaneous TGA-DSC Equipment (Netzsch 2014)  
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 STA 449 F1 Jupiter has the ability to measure and analyze comprehensively the 
thermal stability, decomposition behavior, phase transitions, and melting processes of any 
sample material with exceptionally precise balance resolution (25 ng resolution at a 
weighing range of 5 grams) (Netzsch 2014). To test the effects of high temperature steam 
on the materials a steam generator was attached to the STA 449. The furnace temperature, 
steam temperature, and temperature uprate could all be simultaneously controlled and 
programmed using the STA 449 software.  
 
4.3 Fabrication and Experimental Process 
 
With all the materials and experimental apparatuses detailed out, the first process 
was to fabricate a thin-film of titanium onto several Zircaloy-2 samples. Using the AJA 8-
gun DC Metal Sputtering System, three different layer thicknesses were deposited onto the 
Zircaloy-2 specimens. The different testing parameters and coating thicknesses can be 
found in Table 4.2 and will be labeling used on all plots and data henceforth.  
Table 4.2: Parameters for Titanium-C0ated Zircaloy-2 Test Specimens 
Zirc-2 Sample # Coating Material Coating Speed 
Coating 
Thickness 
Inert Gas 
Chamber 
Pressure 
1 None --- --- --- --- 
2 Titanium 4.3 nm/min 21.5 nm Argon 4 x 10-6 mbar 
3 Titanium 4.3 nm/min 43 nm Argon 4 x 10-6 mbar 
4 Titanium 4.3 nm/min 64.5 nm Argon 4 x 10-6 mbar 
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Once the titanium-coated Zircaloy-2 samples were processed and cleaned, the next 
step was to run these samples and the Zr-Ti Foil in the STA 449 F1 Jupiter to cause oxidation 
with high temperature steam and analyze the mass change of each of the samples. The five 
experimental samples, along with the testing parameters, are found in Table 4.3    
Table 4.3: Parameters for STA Analysis of Test Specimens 
Sample # Base Material 
Ti-Coating 
Thickness  
Initial Mass Dimensions Chamber Pressure Steam Temperature 
UNITS --- nm mg mm mbar 
 
Celsius 
1 Zirc-2 NONE 701.1 
L:       9.64 
W:     9.61 
H:       1.02 
3.0 x 10-4 
 
700 
2 Zirc-2 21.5 nm 703.0 
L:         9.53 
W:       9.62 
H:         1.02 
2.5 x 10-4 
 
700 
3 Zirc-2 43 nm 710.8 
L:         9.81 
W:       9.68  
H:        1.02 
2.5 x 10-4  
 
700 
4 Zirc-2 64.5 nm 740.3 
L:         9.64 
W:       10.01 
H:         1.02 
2.2 x 10-4  
 
700 
5 Zr-Ti NONE 3807.5 
L:        10.01 
W:      10.02   
H:        3.04 
2.2 x 10-4 
 
700 
 
In order to efficiently and effectively purge the system STA 449 F1 system of 
particulates, argon gas, due to its inherently inert properties, was pumped into the STA test 
chamber. Each of samples were exposed to a very similar program sequence for oxidation 
with high temperature steam. The sequence, once the samples were placed inside the STA 
449 F1 system and initiated, was as followed: 
1) Steam temperature was raised from 150°C to 700°C at 15°C /min rate. 
2) The temperature would stabilize at 700°C be held for 10 hours.  
3) If the temperature exceeded 725°C, then the system would disengage.    
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Oxidation mass losses are the most commonly observable losses for thermal 
gravimetric analysis (TGA) systems. Each of these test specimens were oxidized with high 
temperature steam while the TGA gathering weight loses data over time. Every 30 seconds, 
the STA 449 F1 would take a measurement of mass loss / mg. These plots, significances 
coated vs. uncoated, small coating vs. large coating, and Zirc-2 vs. Zr-Ti will be presented 
in the following chapter and discussed in great detail in the INTERPRETATION OF 
EXPERIMENTAL RESULTS chapter.  
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CHAPTER 5 
PRESENTATION OF EXPERIMENTAL RESULTS 
 
Figure 5.1: Mass Change vs. Time for Sample 1 (Zirc-2, No Coating) under 700°C Steam Oxidation 
 
 
Figure 5.2: Mass Change vs. Time for Sample 2 (Zirc-2, 21.5 nm Ti-Coated) under 700°C Steam 
Oxidation 
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Figure 5.3: Mass Change vs. Time for Sample 3 (Zirc-2, 43 nm Ti-Coated) under 700°C Steam 
Oxidation 
 
 
Figure 5.4: Mass Change vs. Time for Sample 4 (Zirc-2, 64.5 nm Ti-Coated) under 700°C Steam 
Oxidation 
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Figure 5.5: Mass Change vs. Time for Sample 5 (Zr-Ti Foil) under 700°C Steam Oxidation Conditions 
 
 
Figure 5.6: Comparison of the Mass Change vs. Time for Zircaloy-2, Ti-Coated Zircaloy-2, and the Zr-
Ti Foil under 700°C Steam Oxidation Conditions 
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Figure 5.7: Comparison of the Mass Change vs. Time for Zircaloy-2, Ti-Coated Zircaloy-2, and the Zr-
Ti Foil under 700°C Steam Oxidation Conditions 
 
Figure 5.8: Minimum Titanium Coating (Mass Change vs. Time) for Zircaloy-2 under 700°C Steam 
Oxidation Conditions 
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Figure 5.9: Zircaloy-2 Sample Before Steam Oxidation (LEFT) and After Steam Oxidation (RIGHT) 
 
 
 
Figure 5.10: Zr-Ti Foil Before Steam Oxidation (LEFT) and After Steam Oxidation (RIGHT) 
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CHAPTER 6 
INTERPRETATION OF EXPERIMENTAL RESULTS 
 
There were numerous aspects of material performance and comparisons that were 
investigated as part of the experimental process. Additionally, the effects of varying 
parameters such as coating thickness, base metal, and elemental composition were 
simultaneously infused in this study. This chapter synthesizes the data from all of the 
specimens tested to allow conclusions to be made about the importance of titanium in 
helping to reduce oxidation of zirconium in high temperature steam environments. 
 The behavior of the test specimens is divided into uncoated Zircaloy-2 performance, 
Ti-coated Zircaloy-2 performance, Zr-Ti Foil performance, effects of coating thickness, and 
comparison of the Zircaloy-2, Ti-coated Zircaloy-2, and Zr-Ti Foil response.        
   
6.1 Uncoated Zircaloy-2 Performance 
 
Zircaloy-2 under high temperature steam conditions has been studied in great detail 
ever since the material was for use in nuclear reactor environments. The mass change 
versus time for Sample 1 (which is the bare Zircaloy-2 sample) under 700°C Steam 
Oxidation is plotted in Figure 5.1.         
 Since the bare Zircaloy-2 is the control of the entire experiment, it is important to 
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thoroughly analyze Figure 5.1. The mass change for the bare Zircaloy stays at zero for the 
first 20 minutes as the temperature rises from 137°C to 350°C (for all the specimens the 
700°C temperature is usually achieved at t = 60 min)  .  At that point, it is not until 171 
minutes into the experiment that Zircaloy-2 registers over 5 TG/mg. From then on the 
weight change achieves a linear behavior of roughly 0.0556 TG / (mg*min). By the end of 
the data collection (t=656.5 min), the bare Zircaloy-2 had a mass change rate of 35.45 TG / 
mg. Compared to data previously collected by the STA 449 F1 Jupiter, these results are very 
similar to other zircaloy-2.         
 The qualitative understanding to the mass change plot is just as important as the 
quantitative behavior. Low temperature steam has very little effect on the overall integrity 
of the Zircaloy-2, which is why the material was chosen in the first place. Once the 
temperature has been at 700°C for quite some time, the initial corrosion process 
commences. As there is a significant amount of surface area that will be sacrificed in the 
process, the initial slope in the mass change over time plot is actually higher even after the 
specimen has been exposed to the max temperature for several hundred minutes. The 
reason for this is once exposed surface area is consumed, the remaining mass change occurs 
fairly uniformly across the specimen.  
 
6.2  Ti-Coated Zircaloy-2 Performances 
 
Ti-coated Zircaloy-2 under high temperature steam conditions is a novel idea to 
reducing the amount of high temperature steam oxidation. The mass change versus time 
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for Sample 2 (which is the 21.5 nm Ti-coated Zircaloy-2 sample) under 700°C Steam 
Oxidation is plotted in Figure 5.2, Sample 3 (which is the 43 nm Ti-coated Zircaloy-2 
sample) under 700°C Steam Oxidation is plotted in Figure 5.3, and Sample 4 (which is the 
64.5 nm Ti-coated Zircaloy-2 sample) under 700°C Steam Oxidation is plotted in Figure 
5.4.            
 Analyzing Figure 5.2, the obvious conclusion that is that at 21.5 nanometers, the 
coating has very little effect on changing the behavior of bare Zircaloy-2. The mass change 
for the 21.5 nm Ti-coated Zircaloy-2 stays at zero for the first 20 minutes as the temperature 
rises from 136°C to 340°C, very similar to Sample 1.  Unlike the bare Zircaloy-2, it is not until 
176.5 minutes into the experiment that Zircaloy-2 registers over 5 TG/mg, a five minute 
improvement over Sample 1. From then on the weight change achieves a linear behavior of 
roughly 0.0627 TG / (mg*min). By the end of the data collection (t=656.5 min), the 21.5 nm 
Ti-coated Zircaloy-2 had a mass change rate of 35.73 TG / mg.    
 Comparing Figure 5.1 and Figure 5.2 to Figure 5.3, the conclusion that there is very 
little change between the bare Zircaloy-2 and Sample 3. The mass change for the 43 nm Ti-
coated Zircaloy-2 stays at zero for the only 19 minutes as the temperature rises from 136°C 
to 320°C.  For the amount of time until the 5 TG/mg threshold, Sample 3 has a similar 
behavior to Sample 2 (175 min versus 176.5 min respectively). From then on the weight 
change achieves a linear behavior of roughly 0.0524 TG / (mg*min). By the end of the data 
collection (t=656.5 min), the 21.5 nm Ti-coated Zircaloy-2 had a mass change rate of 35.44 
TG / mg. 
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Though the previous two coated samples showed no change, Sample 4 offers a 
glimmer of hope. Investigating Figure 5.4, the mass change for the 64.5 nm Ti-coated 
Zircaloy-2 stays at zero for the well over 25 minutes as the temperature rises from 136°C to 
410°C.  For the amount of time until the 5 TG/mg threshold, Sample 3 had the best resilience 
to the previous samples with a time of 190 minutes. From then on the weight change 
achieves a linear behavior of roughly 0.0561 TG / (mg*min). By the end of the data 
collection (t=656.5 min), the 64.5 nm Ti-coated Zircaloy-2 had a mass change rate of 33.95 
TG / mg. 
 
6.3  Zr-Ti Foil Performance 
 
Lastly, the Zr-Ti Foil has had very little literature written about the material’s 
performance under a high temperature steam environment. The mass change versus time 
for Sample 4 (which is the Zr) under 700°C Steam Oxidation is plotted in Figure 5.5. 
 Since this material is highly experimental it is important to thoroughly analyze the 
findings in Figure 5.5. The mass change for the bare Zircaloy stays at zero for the first 10 
minutes as the temperature rises from 137°C to 189°C. At that point, it is at 65.5 minutes 
into the experiment that the Zr-Ti registers over 5 TG/mg. From then on the weight change 
acts very volatilely, spiking to a value of 1769 TG/mg. After several strong resonances, the 
weight change stabilizes around 498 minutes with a value of -144 TG/mg. This mass change 
value continued for the remainder of the data collection.        
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6.4 Effects of Coating Thickness 
 
One of the significant discovers of this experiment was the determination that 
titanium coating has the potential to reduce high temperature steam oxidation with 
Zircaloy-2. To best illustrate this claim, Table 6.1 highlights some of the important findings 
of Samples 1-4 from the oxidation analysis using the STA 499 F1 Jupiter.  
Table 6.1: Important Findings for Bare Zircaloy-2 and Ti-Coated Zircaloy-2 
Sample # First Change in Mass Time 5 TG/mg Time  
Linear Behavior 
Rate 
Final Mass Change 
Value 
UNITS min min Tg/(mg*min) TG/mg 
1 20 171 0.0556 35.54 
2 20 176.5 0.0627 35.73 
3 19 175 0.0524 35.44 
4 25 190 0.0561 33.95 
 
Looking at Table 6.1, it is quite clear that between Sample 3 and Sample 4 (43 nm 
and 64.5 nm), titanium begins to have a positive effect on preventing oxidation due to high 
temperature steam. Not only is the immunity of the initial material increase, but also the 
long-term oxidation has been decreased. With more coatings, the protection could be 
further increased substantially. These films were very thin and yet there appeared enough 
positive correlation that further studies into titanium coatings should be undertaken.  
 To better understand the effects of long term steam oxidation on the Ti-coated 
samples, Figure 5.9 compares the before the coated sample is oxidized and after. The areas 
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where the samples were coated with titanium tended to be much lighter once oxidation 
had occurred. The difference in color lends itself to the idea that where the coating had 
been placed, titanium dioxide had been created while the areas uncoated had formed 
zirconium oxide. The more coatings that were placed on the Zircaloy-2, the more 
pronounced the difference.           
 The comparison between the bare Zircaloy-2 and the Ti-coated Zircaloy-2 samples, 
over the entire time scale of the experimentation, can also be visualized in Figure 5.7 while 
the minimum coating of titanium that will begin to have an effect on the high temperature 
steam oxidation is the highlight of Figure 5.8. From the plots, it is again proven that the 
Ti-coating did very little to help reduce oxidation for Samples 2 and 3. This could be caused 
by the coating either falling off or being so thin that the oxidation occurs directly 
underneath. However, somewhere between 43 nm and 64.5 nm the titanium coating must 
be able to withstand the harsh temperatures and begin to protect the Zircaloy-2.  
 
6.5 Comparison of the Bare/ Ti-coated Zircaloy-2 and Zr-Ti Foil response.  
 
Finally, the last major analysis is to compare all the different test material, which is 
shown in Figure 5.6. Oxidation kinetics involving zirconium and its alloys can be divided 
into two events: cyclical oxidation having cubic/parabolic rate and breakaway oxidation 
having the linear rate that was discussed previously (Ghosal 2001). The small bumps for the 
Samples 1-4 (Bare and Coated Zircaloy-2) are governed by electrical potential that develops 
across the oxide film during oxidation. For Sample 5 (Zr-Ti), there never seemed a point in 
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time where the material could be characterized as having cyclical oxidation. This material 
would have no place being using in a reactor environment as Figure 5.6 details an 
exponential behavior to mass change values that are seldom encountered. 
As the data clearly shows, the Zr-Ti Foil did not perform as expected under high 
temperature steam oxidation. The material appeared to have completed degraded during 
the experimentation as shown in the before and after form found in Figure 5.10. The Zr-Ti 
Foil expanded quite drastically, causing the material to become extremely brittle and flaky 
even deep within the material. The most likely reason for this occurrence is an 
uncontrollable expansion from a phase change during oxidation. The phase diagram for Ti-
Zr system is provided in Figure 6.1. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Ti-Zr Phase Diagram (Murray 1982) 
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Around 650°C-700°C, a phase change occurs between the Alpha-Ti/Alpha-Zr and 
the Beta-Ti/Beta-Zr. This change, along with additional impurities within the material, 
could have led to the expansion that eventually cause the material to break apart and 
completely oxidize. Therefore, it will become important for future research studies to retest 
the material and see if the same outcome would occur.  
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CHAPTER 7 
RECOMMENDED FUTURE STRATEGY 
 
As is the case with most research that is undertaken at universities, national labs, 
and industry, the primary focus is always geared towards finding innovative solutions to 
current problems. Throughout Chapter 6, emphasis was placed on answering the questions 
that one was expecting to find. Though this is important in addressing the questions posed 
within the Abstract, recommended future studies and strategies are often left for 
interpretation by other researchers. This section will deal with address important 
additional studies and questions that should be looked into based on the findings 
previously presented. By building a strong framework on the additional work that should 
be explored, many different students and research will be able to build off of the findings 
of this research work and potentially solve problems inconceivable at the start.   
 One of the first research strategies that should be looked into must be the effects of 
the materials within radioactive environment. Due to the complexity of the testing 
irradiated materials, this research project simply focused on material not exposed to a 
radioactive medium. No studies or research projects have been focused on the overall 
behavior due to radiation, potentially dangerous fission product that can effect sensitive 
environments within reactors, and the eventual disposal of irradiated Zr-Ti and Ti-coated 
Zircaloy-2. These and many other effects under radiation must be well-understood and 
proven to be very similar to current cladding materials performance marks. If so, then this 
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technology would clear a major hurtle for implementation throughout the nuclear 
industry.  
One of the important conclusions of this study was the fact that the Zr-Ti Foil did 
not perform anywhere close to what was expected. As was discussed in the Chapter 6, there 
is a potential reasoning for the material behavior caused by expansion due to a phase 
change during oxidation. Nonetheless, very little about the material properties of the Zr-Ti 
is unknown. The alloy should be assessed and compared to the material that is currently 
used in the nuclear reactor industry to see if there might be some missing elements in the 
alloy that would explain why the material failed as badly as it did.  
Furthermore, material examination approaches should be explored to better 
characterize the observed changes in the Zr-Ti Foil and lack of much change in the Ti-
coated Zircaloy-2. To achieve this, using both microstructural and micro-chemical analyses 
will be able to get to the root of the degradation process that occurs during high 
temperature steam oxidation. For micro-chemical analysis, an electro probe micro-
analyzer (EPMA) would be the best means for an in situ, non-destructive chemical analysis 
at top of the surfaces. EMPAs are very similar in functionality to scanning electron 
microscopes with the added capability to acquire chemical analysis. Chemical analysis 
would be extremely helpful in determining the ratio of titanium dioxide to zirconium oxide 
which can either prove or disprove of titanium diffusing to the surface at high temperatures 
and leading to a protective coating that reduces oxidation rates.    
Performance, response to environment, and failure mechanisms are some of the 
areas in which microstructural analysis can be utilized to asses and further develop these 
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novice materials. A combination of techniques, not limited to Scanning Electron 
Microscopy (SEM), Energy Dispersive Analysis (EDA), and Micro Diffraction (µ-XRD) 
would provide many physical evaluations as to the behavior of both the Zr-Ti Foil and Ti-
coated Zircaloy-2 under these harsh conditions. Some of the microstructural evaluations 
that should be looked into for determining the suitability of these materials include grain 
size measurements, bonding evaluations of coatings, development of interfaces on 
reactions, unknown particles identification, evaluation of degradation/ failure 
mechanisms, and determination of phase change percentages.  
Fabrication of both the Zr-Ti Foil and Ti-coated Zircaloy-2 on a large scale and to its 
overall economic feasibility is also important in the evaluation process of tested materials. 
For the foil, the material is very hard to machine which could make it potentially very 
difficult to implement into nuclear reactor cladding design. For the coatings, the deposition 
rate for titanium is extremely slow and does not lend itself well when considering that 
several hundred layers of coatings would need to be placed onto the Zircaloy-2. Addressing 
these issues and coming up with solutions would greatly increase the overall feasibilities of 
these two methods. 
Finally, neutron behavior (interactions and transport) for both types of material is 
another important area that forms the basis for the production of nuclear energy from 
fission reactions. As neutrons are the driving force behind nuclear power plants, it is very 
crucial for the material to not reduce the effective neutron multiplication factor too much 
that it becomes economically unfeasible to run these types of fuel.  
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CHAPTER 8 
CONCLUSION 
 
 The most important contribution of this study was to establish if titanium should 
be a potential metal in helping to combat high temperature steam oxidation. A wide variety 
of different coating thicknesses were tested in a 700°C steam environment to test this 
theory. A new type of material (Zr-Ti) was also acquired to see if it has the potential to 
become a potential candidate for future nuclear reactor fuel cladding design.  
 Based off the findings, the verdict is that titanium does show some signs of promise. 
Since the deposition rate for the sputtering system was very slow, the process for creating 
very large films would have been extremely time-consuming. However, even at very thin 
coatings, titanium was able to protect the Zircaloy-2 from high temperature steam 
oxidation. This research has allowed for the possibilities of further study into this very new 
and exciting area.  
 As far at the Zr-Ti Foil, it was a material that was supposed to be able to easily 
withstand the harsh conditions. Surprisingly, that was not the case. Additional research 
should be established to best determine the reasoning for the expansion that destroyed the 
specimen. With the additional insight and data, a conclusion can be drawn as to whether 
pursing Zr-Ti as a viable option for fuel cladding or not.  
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